Janus particles, which are named after the two-faced Roman god Janus, have two distinct sides with different surface features, structures, and compositions. This asymmetric structure enables the combination of different or even incompatible physical, chemical, and mechanical properties within a single particle. Much effort has been focused on the preparation of Janus particles with high homogeneity, tunable size and shape, combined functionalities, and scalability. With their unique features, Janus particles have attracted attention in a wide range of applications such as in optics, catalysis, and biomedicine. As a biomedical device, Janus particles offer opportunities to incorporate therapeutics, imaging, or sensing modalities in independent compartments of a single particle in a spatially controlled manner. This may result in synergistic actions of combined therapies and multi-level targeting not possible in isotropic systems. In this review, we summarize the latest advances in employing Janus particles as therapeutic delivery carriers, in vivo imaging probes, and biosensors. Challenges and future opportunities for these particles will also be discussed.
Introduction
The application of nanotechnology in the biomedical field has been experiencing a tremendous development and growth over the past few decades. [1] [2] [3] Nanomaterials with tunable and controllable structures at the nanometer scale offer multiple physical or chemical properties that are suitable for different functionalities and therefore will revolutionize current regime of drug delivery, treatment, and diagnosis. Regarding the application of drug delivery using nanoparticles (NPs) or nanomedicines, a vast body of research has shown benefits including improvement in delivery of hydrophobic or macromolecule-based drugs, controlled/slowed release and specific targeting to the disease sites, all leading to better bioavailability and reduced side effects. [4] [5] [6] Application of NPs in imaging and diagnostics also provides benefits in precision delivery of imaging agents, multimodal imaging, and combination of therapeutics and diagnostics (theranostics). 7, 8 Driven by the diverse range of potentials, a variety of NP systems such as liposomes, 9 polymeric NPs, 10 metallic NPs, 11 and self-assembled lipid NPs 12 have been exploited in the biomedical research field, with some successful nanomedicine products already in the market.
Nevertheless, there is still great need for advanced NP systems to overcome the challenges of personalized treatment and diagnosis. Janus particles, among many NPs systems, have received considerable amount of interest recently as the nextgeneration "smart" nanomaterials due to their complexity and flexibility in structures and properties with a wide range of potential applications in drug delivery, imaging, bio-sensing, and theranostics. [13] [14] [15] Janus particles, named after the two-faced roman god-Janus, are used to describe a unique class of particles that have two distinct sides that can be anisotropic in composition and surface features. More attractively, Janus NPs have tunable and controllable anisotropic structures, which allow customization of physicochemical properties down to the nanoscale. These Janus NPs often combine incompatible and complementary physical and chemical properties such as polarity, amphiphilicity, charge, optical, and magnetic properties in one single particle, making it possible to realize diverse and synergistic functionalities.
C. Casagrande and M. Veyssié in 1989 reported the first Janus "beads" that offered amphiphilicity within a single solid particle of diameters in the range of 50-90 µm. 16 These Janus "beads" were prepared from glass spheres with one side having a cellulose (hydrophilic) varnish and the other side treated by octadecyltrichlorosilane (hydrophobic). They then found when dispersed at oil-water interfaces, these Janus "beads" were always symmetrically positioned at the interface with the hydrophobic half immersed in the oil side and the hydrophilic half in water. Following these first experiments, the concept of using Janus to describe the class of NPs that have two distinct sides was brought to the attention of scientific community by De Gennes's Nobel lecture entitled "Soft Matter" in 1991. 17 Initially the types of Janus NPs in terms of geometry, composition, and size were limited due to the difficulty of synthesis methods. Nevertheless, driven by diverse potential applications of Janus NPs, there has been a tremendous amount of research with a focus on developing novel fabrication methods. Several synthesis methods have been developed including surface coating, layer-by-layer self-assembly, polymerization, Pickering emulsion, and electrified jetting over the past two decades. 18, 19 This has led to the generation of various kinds of Janus NPs made from a range of materials including polymer-polymer, polymer-metal, 20 metal-metal, 21 lipidlipid, 22 and lipid-polymer. 23 Protein-DNA-based Janus NP have also been reported very recently. 24 In terms of particle shape, Janus NPs can adopt spherical, ellipsoidal, cylindrical, or disk-like shapes. 19 The development of simple synthesis routes has enabled a trend of research activities shifting towards understanding the biomedical applications of Janus NPs. Compared to NPs with a uniform composition or surface, Janus NPs have been shown to have advantages in the applications of dual drug release, combined therapy such as chemo-photothermal therapy, multimodal imaging, and cellular targeting because of the combination of at least two distinct materials and properties in a single particle. Moreover, the asymmetric structures of Janus NPs offer compartmentalization of materials with opposite or complementary properties, each imparting a different functionality. For example, Janus NP can be designed as such that one compartment of the Janus NP houses a hydrophilic drug molecule whilst the second compartment encapsulates a hydrophobic agent, enabling dual release or combined therapy. 23 The problem of non-Janus particles with uniform composition, however, is often the exclusion of one drug to the other or limited encapsulation capacity within one compartment. Another advantage is the ability of real-time monitoring of sequential release of the multiple drugs or imaging agents loaded in Janus NPs, which is again unachievable in uniform NPs. 25 Many other complementary functions can be combined into Janus NPs such as selective surface modification for targeting, 26 biosensing, multimodal imaging, or theranostics. 27 The methods to prepare various Janus particles have been reviewed and discussed previously ( Figure 1 ). 18, 20, 22, [28] [29] [30] [31] [32] However, considering the rapidly growing number of work on the biomedical applications of Janus particles in the last few years, a critical review on this topic is urgently needed. The focus of this review is to summarize and discuss in detail the recent development of Janus NPs for therapeutics, in vivo imaging, theranostics, and biosensing. Synthesis methods for specific and relevant Janus particles will be discussed on a case-by-case basis.
Biomedical applications of Janus particles
This section will provide some recent developments of Janus NPs for biomedical applications. The performance of nanoparticle-based medical devices is affected by many different parameters including surface chemistry, size, shape, mechanical properties, charge, and porosity. Much effort has been made to adjust these properties to obtain desirable in vivo behaviors such as prolonged circulation, elevated tumor accumulation, improved cancer cell uptake, evasion of multiple biological barriers, and controlled drug release in the case of anti-cancer nanomedicine. The main challenge for these activities is that the parameters are interdependent, meaning that an improvement in one property may result in an undesirable change in another. Janus NPs provide advantages compared to uniform NPs due to their compartmentalised structures with multiple domains of independent properties. This allows for the incorporation of multiple functionalities in a spatially controlled manner. As a biomedical device, these unique properties may provide synergistic actions of combined therapies and multi-level targeting not possible in isotropic systems. For example, multiple materials or materials combinations can be included in a single particle to provide controlled release of multiple drugs with independent release kinetics. There are many different types of Janus NPs that maybe suitable for biomedical applications. We organize these particles into three different categories based on their materials: (1) polymeric and organic based Janus particles; (2) inorganic Janus particles; and (3) polymericinorganic composite Janus particles.
Janus particles for therapeutics
Polymeric and organic-based Janus particles for therapeutics Early development of polymer-polymer Janus particles has focused on the ability to encapsulate two different drugs in each compartment of a particle. Hwang and Lahann demonstrated the synthesis of Janus particles with differentially degradable compartments by electrohydrodynamic cojetting and crosslinking. 33 These sub-micron particles are composed of poly(ethylene oxide) (PEO) and poly(acrylamide-co-acrylic acid) in one hemisphere and a crosslinked copolymer of dextran and poly(acrylamide-co-acrylic acid) segments in the second compartment ( Figure 2A ). As a result, the two compartments were stable at pH 3.0 but showed different degradation rates at pH 7.4 with the PEO containing compartment completely degraded after 5 days. Using fluorescein isothiocyanate-conjugated PEO (FITC-PEO) as a model drug, the authors showed a pH-dependent differential release rate from the Janus particles, making them promising candidates for staged drug delivery vehicles. However, these particles were not capable of carrying payloads with disparate solubility. Additionally, although this synthesis method can produce high-quality particles, it cannot achieve smaller nanoscale particles and is difficult to scale up. Xie et al were the first to report Janus polymeric NPs capable of carrying a hydrophobic drug (paclitaxel -PTX) and a hydrophilic drug (doxorubicin hydrochloride -DOX) in a single particle. 34 The Janus NPs were prepared by using a fluidic nanoprecipitation system with the two compartments consisting of different types of poly-(lactic-coglycolic acid) (PLGA) ( Figure 2B a, b, c). Systemic delivery of the two selected drugs is problematic and potentially can be improved by encapsulating them into particles. For example, PTX is very poorly soluble and the solvent that commonly used to deliver it, Cremophor EL, is known for causing side effects limiting its efficacy while DOX elicits cardiomyopathy. 35, 36 The results of this study showed that both PTX and DOX were encapsulated and released from the Janus NPs. Compared to monophasic particles, more PTX was released from Janus particles in the burst phase. In contrast, DOX was released from Janus particles at a rate similar to that from monophasic particles ( Figure 2B d, e ).
More recently, Dehghani et al reported the production of polymeric Janus particles that provide dual release of DOX as an anti-cancer drug and ibuprofen as an anti-inflammatory drug. 38 The particles with dumbbell-like or snowman-like morphologies consisted of poly(2-hydroxyethyl methacrylate) (PHEMA) and poly(2-dimethylaminoethyl methacrylate) (PDAMEMA) and were prepared by combination of distillation precipitation polymerization and seeded emulsion polymerization. Since PHEMA is a thermoresponsive polymer and PDMAEMA is a pH-sensitive polyelectrolyte, these Janus particles possess an interesting duality responsive behavior. The drug release study demonstrated that DOX was released more rapidly than ibuprofen at both pH=7.4 and pH=5.3. Additionally, DOX showed higher cumulative release at lower pH value due to higher solubility of DOX in low-pH media whereas ibuprofen showed higher cumulative release at pH=7.4. This release behavior cannot be achieved by coreshell type nanoparticles. Romanski et al developed an emulsion solvent evaporation method and were able to formulate both polymer-polymer and polymer-lipid anisotropic particles ( Figure 3A) . 39 Three drug systems tested were griseofulvin (poorly water soluble), omeprazole (poorly water soluble), and acetaminophen (water soluble). They showed that the encapsulation of drugs did not affect the anisotropic structure of polymer-lipid particles, but it greatly affected the phase separation of polymer-polymer particles, leading to the loss of the Janus characteristic and the appearance of pox-like polymeric particles. 39 Although all aforementioned studies on polymeric Janus NPs demonstrated the ability to encapsulate several drugs with different solubility, they have not been tested in vitro or in vivo, and this should be a priority in order to realize their biomedical applications. So far, the only study that investigated the in vivo behavior of polymer-polymer Janus particles that we found was performed by Rahmani et al. 40 This study provided interesting information regarding the biodistribution of PLGA@PLGA Janus NPs in a nondisease mouse model. The authors found that the circulation of these NPs persisted over 24 hrs, suggesting a potential use for drug delivery applications. It would be therefore interesting to see the biodistribution of these NPs in disease models.
Following the successful formulation of polymer-lipid Janus NPs, 39 they were loaded with anticancer drugs, curcumin (CUR) and DOX, for lung cancer treatment by inhalation ( Figure 3B -D). 23 The combination of these anticancer drugs, which had different mechanisms of action and solubility, into Janus NPs appeared to provide synergistic cytotoxic and genotoxic effects against A549 lung cancer cells in vitro. To study these NPs efficacy in vivo, an orthotopic murine model in which A549 human lung cancer cells were injected into the lung of nude mice was used. The tumors were treated by inhalation of various NP formulations and the highest anti-tumor effect was observed after inhalation of NPs simultaneously loaded with both CUR and DOX ( Figure 3E -G). Compared to free DOX, NPs with DOX, and NPs with CUR, the semi-weekly treatment for 4 weeks with CUR and DOX-loaded NPs completely inhibited the growth of lung tumors. Additionally, the empty Janus NPs were found to be non-toxic to the mice. It should be pointed out that the benefit of co-encapsulating CUR and DOX in Janus particles would have been more obvious if the NP treatment was compared to a combined regime of free DOX and free CUR. Beside the polymer-polymer and polymer-lipid Janus NPs listed earlier, there have not been many other studies reporting on organic Janus NPs. Recently, the existence of Janus lipid NPs consisting of two lyotropic liquid crystalline compartments has been confirmed. Using a high throughput screening approach, Tran et al investigated ternary lipid nanoparticulate systems at the boundary of two bicontinuous cubic phases or a cubic phase and a hexagonal phase. 22, 41, 42 As a result, they provided cryogenic TEM images of primitive cubic@diamond cubic and diamond cubic@hexagonal Janus lipid NPs. These non-lamellar lipid NPs have received increasing attraction as nanocarriers for drugs, 4, 12, 43, 44 genes, 45, 46 and imaging contrast agents 7 due to their unique self-assembled nanostructures, which control the drug release rate, encapsulation capacity of both hydrophobic and hydrophilic compounds, and cellular interactions. [47] [48] [49] [50] It is believed that Janus lipid NPs consisting of these nanostructures will provide further benefits such as coencapsulation and release of drugs or face-selective functionalization for cell targeting. However, before the potential of these lipid Janus NPs can be unlocked, a formulation process to produce them consistently and in large quantity is needed. In fact, Tran et al only found less than 10% of lipid NPs being Janus while the rest of the NPs were monophasic. 22 Inorganic Janus particles for therapeutics Beside polymeric and organic-based Janus NPs, anisotropic particles containing two inorganic compartments have also received increasing level of attention. Among inorganic Janus NPs found in literature, the majority of them were developed based on the inherent therapeutic effects of heavy metals and heavy metal oxides. The Janus functionality not only preserves the original properties of each NP components but also provides new properties not present in single-component NPs due to the interfacial interaction originating from electron transfer across the nanoscale contact. 51 Moreover, the compartmentalization of Janus NPs allows for the inclusion of fully decoupled modalities, which sometimes have opposite properties, for combined imaging and therapy. For example, well-studied therapeutic strategies involving metallic and oxide NPs include anticancer and antibacterial photothermal therapy (gold NPs -AuNPs), 52, 53 gene-therapy siRNA conjugate (AuNPs), 54 antibacterial chemotherapy (Ag NPs), 55, 56 and magnetic hyperthermia therapy (Fe 3 O 4 NPs). 57, 58 In addition to these substances, mesoporous silica (MS) with its unique porous structures that can be used to encapsulate drugs has also been considered. 59 MS NPs are also easily functionalized with antibodies to achieve active targeting of cancer cells. 60 The main synthetic routes for obtaining inorganic Janus nanoparticles include seed-mediated anisotropic growth, 61, 62 heterogeneous reactions at interfaces, 63 and deposition and selective annealing of materials with lattice mismatching 64 Using these strategies, a wide range of metal-metal oxide Janus NPs, including Au@Fe 3 70 Au@MnO, 71 and FePt@MnO, 72 has been fabricated and reported. For a more detailed summary on the synthesis of inorganic Janus NPs, the readers are referred to a review article by Schick et al. 21 In term of using these inorganic Janus NPs for therapeutics, Cao et al created Au@MS Janus NPs which provide dual release of cancer drugs DOX and 6-mercaptopurine (6MP). 25 The NP synthesis process was based on a modified Pickering emulsion template method 73 which resulted in the conjugation of 6MP to Au surface and DOX to MS through a gold-thiol interaction and a pHresponsive hydrazone linker, respectively ( Figure 4 ). With this design, once the NPs enter cancer cells, the linkers will be broken, leading to the release of DOX and 6MP. An in vitro study then demonstrated the enhanced anticancer effect of the dual-loaded Janus NPs against HeLa cells. Interestingly, the authors showed that the release of DOX could be monitored by using Forster resonance energy transfer (FRET) of DOX and 7-hydroxycoumarin-3-carboxylate (CMR). Furthermore, real-time release of 6MP was observed through the change of surface-enhanced Raman scattering of 6MP. Such dualrelease and real-time monitoring of multiple drugs were believed to be possible due to the special structure of the Janus NPs, which allow for the combination of drastically different chemical or physical properties and directionalities within a single particle.
Chang et al reported the synthesis of Ag@MS NPs that were loaded with cetyltrimethylammonium bromide (CTAB) and tested their antibacterial efficacy with Escherichia coli and Staphylococcus aureus. The results showed that CTAB, a cationic surfactant commonly used as template to synthesize MS NPs, was able to provide synergistic antibacterial activities to Ag NPs against both types of bacteria. 74 Following a similar approach, the same group reported Ag@MS NPs for light-activated liver cancer therapy. 75 The anti-tumor effect was based on the toxicity of Ag and the photothermal activity of indocyanine green (ICG), which was loaded into the MS compartment ( Figure 5A ). The NPs were further functionalized with folic acid (FA), which significantly improved cellular uptake in the folate receptor As a result, the Ag-dependent toxicity of the NPs was more pronounced to SMMC-7221 than HL-7702 when the cells were treated with the same dose in vitro. More importantly, a synergistic selective killing effect against SMMC-7221 cells was demonstrated when near-infrared (NIR) light was used to activate ICG. In SMMC-7221 tumor-bearing mice, the synergistic effect of chemo and photothermal therapy using these Janus NPs was again observed with the FA-Janus NP@ICG+NIR group displayed the highest tumor inhibition rate at 89% compared to the PBS control group ( Figure 5B and C). This improved anti-tumor efficacy was attributed to the FA active targeting and the simultaneous release of both ICG and silver ions without mutual interference, a feature that was made possible due to the Janus structure. This synthesis route was proven to be versatile as the same group replaced Ag with Fe 3 O 4 and created magnetic Janus NPs. 76, 77 The NPs were loaded with DOX or berberine through pH-sensitive linkers and were used for treating liver cancer. In these cases, the presence of the Fe 3 O 4 compartment contributes to tumor targeting mediated by the EPR effect and magnetic field-enhanced endocytosis. Ultimately, both in vitro and in vivo studies of subcutaneous and orthotropic liver tumor models in mice showed that the magnetic Janus NPs suppressed of the liver tumor growth and significantly reduced systemic toxicity. It should be noted that prior to these studies core-shell type magnetic MS NPs had been reported. 78,79 However, several drawbacks of the core-shell structure including considerable interference in magnetic response and limited presence of mesopore formation had led to the development of Janus type magnetic MS NPs. 80 A notable technique in creating MS-based Janus NPs was reported by Li et al, 81 in which they created a single periodic mesoporous organosilica from anisotropic growth on the surface of upconversion NPs (UCNP = NaGdF4:Yb,Tm@NaGdF 4 ). The synthesis was achieved by first synthesizing a core-shell UCNP-SiO 2 structure using a reverse microemulsion process ( Figure 6A ). The second layer of MS (mSiO 2 ) consisted of radial mesoporous channels was formed on the outside of the CNNP-SiO 2 nanoparticles. Finally, a single nanocube crystal of a periodic mesoporous organosilica (PMO) was anisotropically grown on the surface of the outer MS shell of the UCNP using the Stober method. The Janus structure of the NP allows two drugs to be simultaneously loaded and their release independently controlled. In this case, hydrophobic PTX (Guest-1) and hydrophilic DOX (Guest-2) were selected as model drugs to be loaded into the UCNP@SiO 2 @mSiO 2 &PMO Janus NPs ( Figure 6B ). The hydrophilic DOX preferentially adsorbed into the mesoporous channels of the UCNP@SiO 2 @mSiO 2 compartment. Azobenzene, a UV-vis light-sensitive molecule, was used to control the release of DOX from this compartment. On the other hand, PTX absorbed in the mesopore frameworks of the mesoporous PMO crystal compartment. Finally, 1-tetradecanol phase change material was used as another switch to control the release of PTX. This design resulted in Janus NPs with dual-controlled release of two drugs with different solubility. An in vitro study was performed by incubating the nanocomposites with HeLa cells to validate the feasibility of this drug delivery system. The results showed that the Janus NPs with and without drugs did not significantly affect cell viability in the absence of a stimuli source (ie, heat or NIR light). This indicated the negligible amount of drugs released. In contrast, upon a heat treatment (∼39°C) of the Janus NPs, significantly cytotoxicity to the cancer cells (>25% killing efficacy) was observed. This was attributed to the opening of the first switch and the release of the PTX from the PMO compartment. In the presence of both heat and NIR light, PTX and DOX were released at the same time, inducing the further increased cytotoxicity to the cancer cells (over 50% killing efficacy).
In an attempt to encapsulate and rapidly deliver drug, a self-propelled Janus nanomotor system was developed by Xuan et al. 82 The 75-nm diameter Janus nanomotor consisted of an MS NP with semi- hemisphere chromium/platinum metallic caps. In this case, platinum acted as an engine that decomposes hydrogen peroxide to generate oxygen as a driving force to propel the NP. As a proof-of-concept, the NPs were loaded with anticancer drug DOX and coated with phosphatidylcholine (PC) bilayers containing folic acid to enhance the adhesion of the NPs on the surface of cancer cells. The PC bilayers were broken down by phospholipase inside cells, allowing the DOX to be released. One key issue with this system was the toxicity of hydrogen peroxide to mammalian cellular functions, thereby limiting the concentration of hydrogen peroxide in cell culture medium and consequently the maximum speed of the nanomotors. A recent study from the same group showed that by replacing platinum catalysts enzymes, more powerful and efficient polymerbased motors can be achieved, requiring lower peroxide concentrations at physiological temperature. 83 Inorganic-based Janus NPs have also been explored for non-viral delivery of genes and vaccines. Notable examples are the works involving gold-nickel Janus nanorods from the Leong group. 84, 85 The nanorods, which were fabricated by template synthesis (Figure 7A ), were 100 nm in diameter and 200 nm in length with 100 nm gold segments and 100 nm Reverse micro-emulsion Stober method CTAB
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Heat nickel segments. The nanorods were modified further by using molecular linkages to attach DNA molecules to the nickel segments and transferrin, a cell-targeting protein, to the gold segments. The results showed that the nanorods were uptaken by the cells and led to much higher transfection efficiency of both GFP and luciferase-encoded plasmids in human embryonic kidney cells (HEK293), especially in the case of transferrin-conjugated nanorods ( Figure 7B -D). Preliminary in vivo efficacy studies were performed in the skin and muscle tissues of mice showing vastly different transgene expressions over time. For example, luciferase activity in the skin by nanorods transfection peaked early (830 times higher than background) and decreased quickly to 80 times above background after 4 days. In contrast, intramuscular delivery of the nanorods resulted in only 17 times higher luciferase expression than the background after 1 day, but it was more prolonged, with a luciferase level 85 times above background at day 21. Although promising, further investigation on these nanorods is needed because nickel has toxicity concerns.
Polymer-inorganic composite Janus particles for therapeutics
Since both polymeric and inorganic materials have their own advantages for therapeutic applications, the combination of polymer and inorganic compartments into a Janus composite NP is logical. [86] [87] [88] The synthesis strategies for creating polymer-inorganic Janus nanoparticles have evolved to provide better precision in controlling anisotropic growth. 89 In a recent work, Chen et al 90 demonstrated the ability to control the anisotropic encapsulation of polymers on metallic NPs by a polymer blocking process, creating so-called regioselective NPs (Figure 8 ). For this, gold nanospheres (AuNSs -30 nm), amphiphilic diblock copolymer (polystyrene-b-polyacrylic acid, PS-PAA) and two ligands in dimethylformamide (DMF)-H 2 O binary solvent were mixed and heated. If only the hydrophobic ligand was used, the PS-PAA blocked the entire surface of the AuNSs, resulting in a fully encapsulated AuNS@PS-PAA core-shell structure. In contrast, when the solution was heated in the presence of the hydrophilic ligand alone, mainly AuNSs without a polymer shell were generated. When both the hydrophobic and the hydrophilic ligand were present in the mixture, the surfaces of AuNSs were partially blocked by the polymer, forming Janus AuNS@PS-PAA particles. Interestingly, the authors showed that the degree of coverage could be tuned by adjusting the solvent ratio and the ligand ratio. The polymer-free areas on the particle surfaces were further modified with single-stranded DNA. Due to the fine selective regional modification, the inter-particle binding potential was directional and selective, resulting in the potential for increasingly complex self-assembly. An example of this approach is the work performed by Zhang et al in which Au@PAA Janus NPs were first prepared and were then used as templates to grow an MS shell and Au branches separately. The resulting composite Janus NPs went through further PEGylation to improve their stability, conjugation with lactobionic acid (LA) for tumor targeting, and encapsulation with DOX ( Figure 9A and B). 91 Ultimately, the socalled octopus-type Janus NPs (DOX/PEG-OJNP-LA) exhibited pH and NIR dual-responsive release properties ( Figure 9C ). The multi-functionalities of the NPs were attributed to their Janus structure, which allowed the NPs more room to perform different functions for cancer therapy compared with the traditional core-shell NPs. The targeting of LA was proven to be effective by both in vitro cell uptake and in vivo biodistribution experiments in HepG2 cells and H-22 tumor-bearing mice, respectively. Moreover, the NPs when combined with NIR light stimulation showed strong therapeutic effects in vivo in an H-22 tumor mouse model ( Figure 9D ). The mice treated with DOX/PEG-OJNP-LA upon NIR light showed highest tumor suppression of about 98%, compared to DOX/PEG-OJNP with NIR light (91%), DOX/PEG-OJNP-LA (81%), and free DOXtreated group (46%), implying a synergistic effect of chemo and photothermal therapy. The synthesis concept reported in this work was modified to produce different types of Janus NPs. For example, by replacing Au NPs with palladium nanosheets (PdNS) and MS with metal organic framework (MOF), the same research group were able to produce PdNS/MOF Janus NPs, which were further engineered with cyclodextrin to encapsulate both hydrophobic 10-hydroxycampothecin and hydrophilic DOX. The dual drug-loaded Janus NPs demonstrated synergistic hydrophobic and hydrophilic chemotherapy and photothermal therapy in vitro and in vivo. 88 Recently, Shaghaghi et al 92 reported superparamagnetic iron oxide nanoparticle (SPION)-based multifunctional Janus composite NPs designed to carry DOX through the blood-brain barrier (BBB) to treat brain cancer glioblastoma multiforme. The synthesis of these Janus NPs appeared to be fairly complicated with 4 main steps: 1) preparation of the core particle, 2) the hydrophilic part, 3) the hydrophobic part, and 4) conjugating both sides on a NP ( Figure 10 ). 1) In the first step, bare SPIONs were masked and immobilized in paraffin wax particles, where the unshielded side of waxed SPIONs was grafted with (3-mercaptopropyl) triethoxysilane (MPTES), creating the hydrophilic side of the NPs. After dewaxing, the bare side of the SPION-SH was grafted with azidated (3-aminopropyl) triethoxysilane (AZ-APTES) creating the hydrophobic side. 2) In step two, the hydrophilic side of the SPION was prepared by synthesizing mono-(acryloyl) functionalized star-shaped PEG (Acl-sPEG), where FA would later be conjugated onto.
3) The hydrophobic side was prepared by conjugating DOX to poly(ɛcaprolactone) (PCL), which was modified with a free alkyne group. 4) Acl-sPEG was conjugated to the core particles via thiol-ene click reaction. FA was then conjugated to the Acl-sPEG part by carbodiimide coupling. Finally, the hydrophobic side DOX-PCL-yne was conjugated to the core particles via alkyne-azide cycloaddition click reaction. The authors showed that the release of DOX was pH dependent with the cumulative release of DOX at pH=6.2 was 25%, 32%, and 42% after 24, 50, and 256 hrs, respectively, compared to 1%, 2.3%, and 9.5% in the case of pH=7.4. This led to somewhat selective in vitro cytotoxicity against rat C6 glioma cells caused by the Janus NPs at pH=6.2 compared to pH=7.4. Cell uptake study showed that after 5 hrs of incubation with folate receptor expressed C6 glioma cells, the Janus NPs were internalized at a much higher level compared to the FAfree Janus NPs, indicating the effectiveness of the FA targeting functionality. Unfortunately, the study did not examine the possibility for these NPs to cross the BBB.
Janus particles for in vivo imaging
Medical imaging plays important roles in disease detection, prognosis, and treatment planning. Major medical imaging techniques include optical imaging, X-ray computed tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET), singlephoton emission CT (SPECT), and photo-acoustic (PA) imaging. For many of these techniques, a contrast agent is needed to improve the image quality. Additionally, due to each imaging method has its own benefits and limitations, there have been a strong interest in combining complement imaging modalities into a single platform. The intrinsic physicochemical properties of inorganic NPs make them suitable contrast agents for optical imaging, MRI, CT, and PA imaging. By incorporating small molecules, these NPs can find applications in nearly all imaging modalities. Due to their anisotropic structure, Janus NPs have the advantage of comprising two different faces, which not only enable two complementary imaging modalities but also offer two functional surfaces for the attachment of different kinds of molecules, making them especially attractive as multifunctional probes. A few studies have utilized the CT and PA imaging capabilities of gold and MRI contrast enhancement of iron oxide to create multi-modal imaging Janus NPs. 20, 65, 93, 94 For example, Reguera et al reported Janus gold-iron oxide NPs as contrast agents for multimodal imaging. 93 The synthesis of these Janus NPs started with the formation of AuNSs that were used as seeds for Au@Fe 3 O 4 nanodumbbells, which were subsequently used as seeds for the directional growth of asymmetric Au nanostars. Figure 11 shows representative TEM images corresponding to NPs formed at different nanodumbbell seed concentrations (and constant amount of gold precursor). Varying this parameter resulted in NPs with average diameters ranging from ∼20 nm to ∼50 nm. The study demonstrated the use of these Janus NPs in several imaging techniques, such as T 2weighted MRI, X-ray CT, PA imaging, optical imaging under bright and dark field illumination, transmission electron microscopy (TEM), and surface-enhanced Raman spectroscopy (SERS) imaging. Compared with core-shell NPs, the Janus morphology resulted highly beneficial in several aspects, offering high availability of the iron oxide surface, which consequently gives rise to high r 2 relaxivity values and Prussian blue staining ability. On the other hand, when compared with conventional Janus dumbbelllike NPs, the nanostar morphology enables their use in PA and SERS imaging in the optical NIR biological window.
Dumbbell-shaped inorganic Janus NPs have also attracted much attention as multifunctional probes for diagnostic and therapeutic applications. For example, Xu et al reported dumbbell gold-iron oxide NPs, which were coated with a layer of oleate and oleylamine. 65 The dumbbell structure was formed through epitaxial growth of Fe 3 O 4 on the Au seeds, a process that allowed fine control over the size of both Fe 3 O 4 and Au particles. To demonstrate the ability to modify of the two surfaces of the Janus NPs independently, the authors functionalized epidermal growth factor receptor antibody (EGFRA) linked PEG-dopamine to the Fe 3 O 4 side and HS-PEG-NH 2 to the Au side through ligand exchange reactions ( Figure 12 ). The presence of EGFRA also aided the binding of the Janus NPs to EGFR overexpressing cancer cells such as A431 human epithelial carcinoma cells. The dumbbell NPs were demonstrated to be capable of imaging the exact same tissue area through both MRI and an optical source without the fast signal loss observed in the common fluorescent labeling. It was suggested that they could be used to achieve high sensitivity in diagnostic imaging applications.
Gold and iron oxide dumbbell Janus NPs were also explored as dual-modality imaging probes for both CT and MRI. 20 A thermal decomposition process was utilized to synthesize Au-Fe 3 O 4 dumbbell particles from mixtures of Fe-oleate and Au-oleylamine complexes. The NPs were further coated with an amphiphilic polymer, poly(DMA-r-mPEGMA-r-MA), to improve their stability in physiological conditions and reduce nonspecific adsorption of proteins ( Figure 13 ). The study showed that the hybrid NPs had high CT attenuation, due to the constituent gold NPs, and provided a good MR signal, as a result of the contained iron oxide NPs. Interestingly, the Janus NPs outperformed pure Au NPs in CT and commercial iron oxide-based contrast agent Resovist in MRI testing, respectively. This was attributed to the synergistic effect seen when both Au and Fe 3 O 4 were present within a single particle. More importantly, the NPs demonstrated dual contrast capability in vivo when intravenously injected into hepatoma-bearing mice. The animal micro-CT and 3T MRI results showed high contrast between the hepatoma and normal hepatic parenchyma in both CT and MRI.
Superparamagnetic manganese oxide (MnO) has also been considered to combine with Au to form Janus NPs. In a study by Schick et al, the Au-MnO Janus NPs were prepared by a seed-mediated nucleation and growth method, which allowed precise control over domain sizes, surface functionalization, and dye labeling ( Figure 14A and B) . 71 Au NPs possess properties that make them promising as optical imaging probes, contrast agents for CT, and twophoton photoluminescence probes. MnO NPs were selected because unlike Fe 3 probes for MRI, MnO NPs induce hyperintensities on T 1weighted MRI maps. A silica coating was applied on the MnO domain to improve the particle's biocompatibility and aqueous stability, and to provide a platform for further biomolecule conjugation (eg, antibodies, proteins). Timeresolved fluorescence spectroscopy in combination with confocal laser scanning microscopy (CLSM) revealed the Janus NPs to be highly two-photon active due to the presence of the Au domain. The in vitro biocompatibility assay results showed that the Janus particles were non-cytotoxic against human renal carcinoma cells (Caki) and HeLa cells at up to 100 μg/mL. Additionally, confocal fluorescent and twophoton imaging were demonstrated using the Au-MnO Janus NPs and HeLa cells in vitro. However, the study did not explicitly show the magnetic property and MRI contrast capability of the synthesized Janus NPs.
Janus NPs for theranostics
Theranostic NPs are developed to combine their capability in therapeutics and diagnostics/imaging to maximize the efficacy of a therapy. So far, most Janus NPs for theranostics have been either inorganic-inorganic or polymer-inorganic composite. Examples of inorganic-based Janus NPs are the Ag@MS and Au@MS NPs developed by Shao et al and Wang et al. 95, 96 These NPs were synthesized using a similar approach that was reported previously by the same group which used tetraethyl orthosilicate (TEOS) as silica source, CTAB as a template, and either Ag NPs or Au nanorods as the substrate, respectively,. 97 The Ag-MS NPs were loaded with DOX through a pH-sensitive linker for selective chemotherapy, while SERS activity was used for imaging and monitoring drug release. 95 On the other hand, the Au@MS NPs utilized the photothermal activity of gold for cancer therapy and the addition of fluorescent compound Rhodamine B to the MS matrix for cellular imaging. 96 Both types of NPs were tested in vitro against HepG2 liver cancer cells and were routinely found to enter cells to realize cellular imaging and demonstrate significant chemotoxicity and photothermal effects, respectively. In addition to HepG2 cells, the cytotoxicity of Ag@MS Janus NPs was further tested with other cancer cell lines including lung cancer A549 and breast cancer MCF-7 and normal cell lines including hepatic embryo cell line HL-7702, human umbilical vein endothelial cells (HUVEC) and bone marrow mesenchymal stem cells (BMSCs). Although dose-dependent toxicity profiles were observed in all tested cell lines, the DOX-loaded Ag-MS Janus NPs displayed significantly lower damage to normal cells compared to cancer cells. The selective toxicity of these NPs was attributed to the pH-sensitively drug release behavior, as well as the higher endocytosis capacity of the NPs in tumor cells. Another strategy to achieve theranostics is by combining the property of magnetic NPs as a contrast agent for MRI with photothermal or photodynamic therapy. Additionally, a chemotherapeutic agent maybe incorporated to further improve the efficacy of the system. Commonly used MRI capable NPs include iron oxide (Fe 3 O 4 ), 98, 99 Several polymeric-inorganic composite Janus NPs for theranostics have been reported by the Li and Wang groups. 100, 103, 104 Notably, they demonstrated a synthetic strategy for the fabrication of polydopamine/ mesoporous calcium phosphate (PDA@mCaP) hollow Janus NPs, which were further decorated with PEG for stability and ICG for photothermal activity on the PDA domain (Figure 16 ). 104 The mCaP compartment with hollow cavities was utilized as storage and release DOX. The resulted NPs, PEG-ICG-PDA@mCaP H-Janus NPs, exhibited a combined activity of chemo and photothermal therapy, as well as NIR and pH dual-responsive drug release property and PA imaging capability. In fact, after 5 mins of irradiation with a NIR laser (1 W cm −2 ), the Janus NP solution could be heated up to 56.5°C demonstrating high photothermal activity while the pure water only increased by 1.8°C ( Figure 16F) . Additionally, the Janus NPs displayed high IR thermal imaging property, which made them suitable for monitoring the NPs treatment in vivo ( Figure 16G ). More importantly, the combination of DOX-loaded Janus NPs with NIR irradiation exhibited significantly better anti-tumor activity in HepG-2 tumor-bearing mice compared to other monotherapies without DOX or without laser. The combined treatment resulted in an impressive 96.2% tumor suppression while not causing any damage to other major tissues.
In an example of inorganic-based Janus NPs, Ju et al synthesized 12 nm monodisperse Au@Fe 2 C anisotropic NPs for imaging-guided cancer therapy (Figure 17 ). 27 The study utilized the advantage of Au NPs as a photothermal therapy (PTT) agent. Additionally, Au and Fe 2 C component were used as triple-modal MRI/CT/multispectral photoacoustic tomography (MSOT) imaging agents. The Janus structure of the NPs allowed them to express multiple functions simultaneously and interpedently. In vitro, the Janus NPs showed a significant photothermal effect with a 30.2% calculated photothermal transduction efficiency under 808 nm laser irradiation. The Au@Fe 2 C Janus NPs were further conjugated with affibody proteins Z HER2:342 to improve uptake by cells that overexpressed HER2 receptors such as human mammary carcinoma MDA-MB-231 cells. When the NPs were exposed to laser stimulation, much lower MDA-MB-231 cell viability was observed, especially in the case of Au@Fe 2 C-Z HER2:342 , compared to cells treated with only NPs or only laser. Moreover, the authors found that Au@Fe 2 C-Z HER2:342 NPs have more accumulation and deeper penetration in tumor sites than non-targeting Janus NPs (Au@Fe 2 C-PEG) in vivo. PTT results in vivo using MDA-MB-231 tumor-bearing mice, which were injected with Au@Fe 2 C-Z HER2:342 NPs, demonstrated that the NPs were highly effective in inhibiting and eliminating tumor while causing negligible abnormality in other major organs. The distribution of Janus NPs in tumors and other organs were obtained from a combination of T 2weighted MRI, MSOT, and CT. Additionally, the heating of the NPs and tumor locally was monitored by thermal IR imaging. Collectively, it is clear that the Au@Fe 2 C-Z HER2:342 Janus NPs had great potential as precision theranostic nanomedicines.
Janus particles for biosensing applications
In addition to applications in therapeutics and in vivo imaging, Janus particles have also been developed as biosensors. The existing literature can be classified into two categories. One category involves utilizing the compartmentalization within Janus particles into different domains, which serve as independent biological recognition and signal transduction modalities. The other category relies on the "on-the-fly" detection of analytes by selfpropelled Janus particles, which can significantly improve the response time of the sensors. Compared to the second category of moving biosensors, the first type of Janus particles can be regarded as static.
Static Janus particles for biosensing
Isotropic NPs have been studied widely as biosensors. The surfaces of these NPs are often functionalized with large biomolecules such as proteins or DNAs to provide binding sites for analytes. However, the presence of these biomolecules on particle surfaces can sometimes interfere with the sensing functions and reduce their efficacy. Janus particles with two separated faces and properties may provide elegant alternatives to decouple binding and sensing functions for these biosensors.
Han et al developed retroreflective Janus microparticles (RJPs) as a novel optical immunosensing probe for use in a nonspectroscopic retroreflection-based immunoassay. 105 The RJPs consisted of silica particles, which were coated hemispherically with thin layers of aluminum and gold sequentially to produce highly reflective surfaces ( Figure 18A ). The gold outer layer was used to functionalize reacting antibodies on to particle surfaces. Once the antibodies bind to a substrate, the RJPs were able to provide bright retroreflection signals which were easily detected using polychromatic white lightemitting diode (LED) irradiation ( Figure 18B and C) . The same group demonstrated the tunability of these Janus particles by conjugating streptavidin instead of antibodies to the gold surface of the RJPs (Figure 18D ). Using these Janus particles, they showed the ability to detect Hg 2+ in water. 106 The study used two oligonucleotide probes, a stem-loop DNA probe and an assistant DNA probe ( Figure 18E ). When the mercury ions are absent, the assistant DNA probe does not hybridize with the stem-loop probe due to their thymine-thymine (T-T) mismatch. The surface-immobilized stem-loop DNA probe, therefore, remains a closed hairpin structure. When the Hg 2+ ions are present, the DNA forms a double-stranded structure with the loop region via Hg 2+ -mediated T-T stabilization. This DNA hybridization induces stretching of the stem-loop DNA probe, exposing biotin. Streptavidin-modified RJPs are used as the optical signaling label to recognize the exposed biotin. The limit of Hg 2+ detection of the system was recorded at 0.027 nM.
Similarly, Zhou et al created gold/polystyrene Janus particles by using the directional coating method. These Janus particles with one hydrophilic and one hydrophobic side were developed as an electrochemical sensor for the determination of ractopamine (RAC). 107 RAC is a βagonists, which can be found accumulated in livestock and may pose risks to the human cardiovascular and central nervous system. For this sensor, the hydrophobic part of the Janus particle was immobilized onto the surface of electrode. The hydrophilic part consists of Au NPs to which an aptamer that bound with RAC subsequently attached. The electrochemical sensor fabrication process is shown in Figure 19 . The RAC aptamer-modified electrode could produce a well-defined differential pulse voltammetry signal as depicted in Figure 19 (stage "a"). When RAC was present, the interaction of RAC with the aptamer resulted in the hinder of the electron transition from the electrode surface. This change was observed in a decreased peak current of sensor (Figure 19 , stage "b"). The detection limit of this electrochemical sensor was 3.3×10 −14 mol/L, which was lower than most of existing methods such as fluorescence assay, HPLC-MS, and other types of electrochemical sensors. The proposed electrochemical sensor can be successfully applied to the determination of RAC in spiked human urine samples with good stability and reproducibility.
Biji and Patnaik studied Janus gold nanoclusters for sensing dopamine, an important neurotransmitter in the mammalian central nervous system. 108 The Janus character was attributed in terms of ligand asymmetry and distribution. The subphase L-tryptophan acted as the reductant and capping agent at the lower hemisphere. Meanwhile, the hydrophobic tetraoctylammonium ion (TOA + ) protected the upper hemisphere of the clusters at the air-water interface. The Janus scheme for the in situ formed clusters is illustrated in Figure 20A . The Janus Au nanocluster was used to modify a glassy carbon electrode which consequently transferred to different surface pressures/ cluster phase states, as a response to the electro-oxidation of dopamine. The sensitivity of dopamine detection depended on the 2D phase state, assembly, and organization of the Janus monolayer cluster. These also controlled the electronic communication between the clusters as a function of the intercluster distance, size, and orientation, ultimately influencing the electrocatalytic oxidation of the bio-analyte with improved sensitivity and detection limit. The study suggested that the noncovalent nature of the ligands on the core metal clusters facilitated the overall electro-catalytic oxidation of dopamine, as shown in Figure 20B . It was found that directed Brownian motion of the spherically charged clusters dictated by the 2D interfacial surface pressure was the driving force for the characteristic Janus cluster assembly into 1D Janus chains with varied dopamine detection efficiency.
Janus micro-and nano-motors for biosensing
Miniaturizing biosensors have attracted much attention from the research community due to the potential to improve their sensitivity and portability, while reducing cost and material requirements. However, a slow response time, the time it takes for the sensor to capture a detectable number of analyte molecules, is a trade-off for the improved signal-to-noise ratio. 109 One of the strategies to reduce response time involves self-propelled micro/nanomotors replenish the analyte-depleted solution. 110, 111 These micro/nanomotors could be propelled by gases generated from metal-catalyzed electrochemical reactions of toxic (H 2 O 2 ) 112 or biofriendly (glucose or urea) fuels. As such, they are usually Janus particles with hemispherical metallic caps. There are also fuel-free micro/nanomotors 113, 114 which are powered by external stimuli such as magnetic, electric, or ultrasonic fields. 115 An example of the nanomotors for therapeutic application has been briefly mentioned in Section "Janus particles for therapeutics". The micro/nano motor-based biosensors can be prepared easily by functionalizing the motors with specific bioreceptors. They can have different shapes and compositions but are usually asymmetric nanowire and microsphere and conical tube-based motors. 115 Pacheco et al reported self-propelled microsensors for detecting lipopolysaccharides (LPS) from Salmonella enterica. 116 These sensors relied on the simultaneous encapsulation of platinum NPs for enhanced bubblepropulsion and receptor-functionalized graphene quantum dots (GQDs) for selective binding with the target endotoxin ( Figure 21) . The GQDs interacted with the target endotoxins, which were LPS from Salmonella enterica in this case, and induce a rapid quenching of the native fluorescence of the micromotors. The sensors were able to detect concentrations as low as 0.07 ng mL −1 of endotoxin, which was well below the level toxic to humans (275 µg mL −1 ). Additionally, the sensors were shown to be stable for up to 2 months in an opaque vial without changes in their properties. The research group also reported magnetocatalytic Janus micromotors by adding iron oxide NPs to the platinum NP side of the Janus motors. The motors, therefore, were propelled in the presence of H 2 O 2 or magnetic actuation. 117 The use of Janus nanomotors to detect DNA and RNA has been reported by Wu et al. 118 The motion-driven DNAsensing concept relied on measuring changes in the speed of unmodified catalytic Au@Pt Janus nanomotors induced by the dissolution of silver NP tags captured in a sandwich DNA hybridization assay. For this purpose, a gold electrode was first modified with a thiolated capture probe (SH-CP), mercaptohexanol (MCH), and dithiothreitol (DTT) ( Figure 22 ). The thiolated DNA capture probe was able to form duplex with a complementary nucleic acid target and a silver nanoparticle-tagged detector probe ( Figure 22A ). The captured Ag NPs were dissolved using H 2 O 2 to produce silver ions Ag + , which was proportionally related to the concentration of nucleic acid ( Figure 22B ). The authors observed that the Au@Pt Janus motors sped up in the presence of Ag + enriched fuel ( Figure 22C ). The travel distance of the nanomotor therefore could be used to quantify the amount of DNA 119 This matchlike one-dimensional sensor comprised a silica-coated silver nanowire head and a rough spherical AgCl tail (Figure 23 ). The motors worked as SERS probes based on the shell-isolated enhanced Raman mechanism. The AgCl tail served as photocatalytic nanoengine to provide a selfpropulsion force by light-induced self-diffusiophoresis through the decomposition of AgCl. The phototactic behavior was utilized to achieve enrichment of the nanomotor-based SERS probes for on-demand biochemical sensing.
Conclusions and perspectives
In this review, we discussed the recent effort to apply Janus particles for effective delivery of therapeutics, imaging, and sensing in biological systems. Janus particles have two distinguished compartments on the two sides, usually made of materials with incompatible surfaces or chemistries such as hydrophilic versus hydrophobic. This compartmentalization within a single Janus particle allows different properties to be available simultaneously and independently. For this reason, Janus particles have found applications in increasing number of nanomedicine areas, from dual-release drug delivery, to theranostics, and biosensing. This is particularly true in the last five years when many more Janus particles were tested in vitro and in vivo, providing large amount of valuable information regarding their behavior in biological systems. This is the direct result from an intense period of fundamental research involving the development of synthesis strategies of different types of Janus particles. However, there are still many challenges for Janus particles to overcome to reach their potential as nanomedicine. In our opinion, these include:
1. Simpler and scale up production of Janus NPs As has been discussed previously, there are not many methods to produce Janus NPs reliably. Among the commonly used methods to produce Janus particles, microfluidic-based and electro co-jetting method can create highquality micron and sub-micron size Janus particles but difficult scale up. Similarly, directional coating method, in which a second component is deposited on a homogeneous monolayer of particles on a flat surface, can produce highquality Janus particles but not in large quantity. In contrary, the emulsion-based synthesis is easier to scale up, low cost, and applicable for a wider range of materials including organic, inorganic, and hybrid materials. However, this method has only been able to generate submicron and micron size Janus particles. In order to produce ultra-small Janus NPs, there are generally only two methods: block copolymer self-assembly for polymeric Janus NPs and anisotropic growth for nanodumbbell inorganic Janus NPs. For biomedical application, these NPs are usually required to go through further functionalization or drug loading processes. This is evidence from several studies mentioned in this review, in which multifunctional Janus NPs were produced through fairly complicated multi-step processes, thus limiting their yield and the possibility of scaling up. Additionally, since Janus NPs combine multiple materials and functionalities together, the theoretical compositional space, in which each component or property can be adjusted, becomes very large. To explore and manipulating each parameter to gain control over the NPs' in vivo properties, it requires the production of large material libraries, which are not possible using our current synthesis methods. More efficient high throughput formulation or synthesis approaches together with rapid screening characterization techniques and data analysis will need to be developed in the future.
Refined characterisation techniques for Janus NPs
Due to their unique anisotropic structure, Janus NPs are also difficult to characterize. Conventional techniques used in pharmaceutical and nanotechnology research such as dynamic light scattering, electrophoretic mobility, and mass spectrometry may provide general information but are not able to confirm anisotropy of the NPs. Traditionally, TEM, cryo-TEM, and occasionally SEM have been the main techniques to gain direct evidence of the Janus morphology. However, for this, the compartments are required to have sufficiently different electron densities, which may not be achievable for many polymers. Additionally, the particles must be relatively small and homogeneous for the TEM assessments to be accurate and representative. Alternatively, small angle X-ray scattering and neutron scattering, 2D NOESY NMR, and Forster resonance energy transfer (FRET) have been utilized to obtain indirect evidence of anisotropic within the produced Janus particles. In any case, a combination of several techniques is required to accurately characterize Janus NPs. As mentioned earlier, highthroughput characterization techniques should be developed and will provide benefit to the optimization process of Janus particles for biomedical applications.
Designing and testing in vitro and in vivo behaviors of Janus NPs
Even with the recent surge in developing Janus NPs for therapeutic, imaging, and sensing, our understanding of how these NPs behave in vitro and in vivo is still lacking. From the application point of view, recent studies have demonstrated the beneficial aspects of Janus NPs as drug delivery or imaging systems. The NPs can be meticulously engineered to encapsulate and release multiple drugs, to respond to multiple stimuli, and to provide imaging capability simultaneously with therapy. However, due to the lack of properly designed controls, the available data have not been always able to show the true advantages of using Janus particles over simply mixing components together or multi-component uniform core-shell particles. This should be an important consideration point for future studies, especially because it is much easier to alter component ratios in a simple mixture than in Janus particles. At a fundamental level, there are still unanswered questions regarding the mechanisms of their interaction with cells and proteins and their structural integrity in biological conditions. The anisotropic surface structure of Janus particles provides opportunities to incorporate multiple functionalities, but more complex interactions with biological systems are also expected.
Compared with the exploration of Janus particles for therapeutics and imaging, progress in their biosensing applications is still in early stages with even less in vivo information. Yet, promising proof-of-concept results have been demonstrated. It is clear that catalytic micro/nanomotors are useful for in vitro detection since peroxide fuel can be toxic to cells. Unless more biocompatible catalytic fuels can be developed, magnetic and ultrasound-propelled micro/nanomotors are ideal candidates for in vivo detection schemes.
One approach that may advance our understanding of Janus particles behavior in vitro and in vivo is the use of computer simulation, in which Janus particles of any size and shape can be created without too much trouble. 120 Assessing Janus particles experimentally in conjunction with simulation may facilitate the realization of these particles as nanomedicine.
It should be noted that there are a vast number of anisotropic NPs in the literature, particularly metal@metal oxide NPs, which have been synthesized but not tested in vitro and in vivo. Similarly, many of the nanoparticles listed in the therapeutics section, for example, the Au@MS NPs developed by Cao et al in Section "Janus particles for in vivo imaging" can be also tested for theranostics to further expand their applications. Despite the limited number, reported studies have shown the exciting new use of these particles such as self-propelled Janus motors as active sensors, multicompartment Janus particles for carrying drugs of different water solubility, magnetic or fluorescent particles for effective imaging and diagnostics. More intense studies on the development of these particles for biomedical applications are expected in the near future.
